Defining anxiety-and depressive-like states in mice (emotionality) is best characterized by the use of complementary tests, leading sometimes to puzzling discrepancies and lack of correlation between similar paradigms. To address this issue, we hypothesized that integrating measures along the same behavioral dimensions in different tests would reduce the intrinsic variability of single tests and provide a robust characterization of the underlying "emotionality" of individual mouse, similarly as mood and related syndromes are defined in humans through various related symptoms over time. We describe the use of simple mathematical and integrative tools to help phenotype animals across related behavioral tests (syndrome diagnosis) and experiments (meta-analysis). We applied z-normalization across complementary measures of emotionality in different behavioral tests after unpredictable chronic mild stress (UCMS) or prolonged corticosterone exposure -two approaches to induce anxious-/depressive-like states in mice. Combining z-normalized test values, lowered the variance of emotionality measurement, enhanced the reliability of behavioral phenotyping, and increased analytical opportunities. Comparing integrated emotionality scores across studies revealed a robust sexual dimorphism in the vulnerability to develop high emotionality, manifested as higher UCMS-induced emotionality z-scores, but lower corticosterone-induced scores in females compared to males. Interestingly, the distribution of individual z-scores revealed a pattern of increased baseline emotionality in female mice, reminiscent of what is observed in humans. Together, we show that the z-scoring method yields robust measures of emotionality across complementary tests for individual mice and experimental groups, hence facilitating the comparison across studies and refining the translational applicability of these models.
Introduction
Evaluation of behavioral and physiological parameters relating to emotion-like processes in animals is typically performed with several tests and without comprehensive analysis across paradigms. Mouse behavior is multimodal and full quantifiable assessment of emotionality (which covers anxiety-like and/or depressive-like behavior) is only possible when the same animal is exposed to multiple behavioral tests covering a wide range of behaviors over several days Crawley and Paylor, 1997) . However, closely related behavioral parameters that are specific to each test and that relate to aspects of emotionality (for instance, entries into open field center or into open arms of the elevated plus maze) do not necessarily agree within animals and/or across time, leading to behavioral noise that is difficult to interpret. This behavioral variability can be caused by the time of day, the experimenter and recent activity in the colony, or may represent false positive/negative results in experiments with small numbers of test subjects (less than 10). More often, the cause of the variability is unknown, but it is thought to reflect natural fluctuations over the underlying mean value. Thus, as mice can be in different emotional states within short periods of time (Ramos, 2008) , correlation analyses of behavioral parameters obtained from different tests may result in lack of statistical power and affect principal component types of integrative analyses (Carola et al., 2002) . Hence, to assess emotionality, we need simple and comprehensive tools that allow integration of behavioral parameters obtained in multiple (but complementary) behavioral tests.
It is important to note that convergent -rather than consistent -sets of symptoms are at the core of the clinical characterization of the human illness. Indeed, contrary to a putative "consistent" organ deficiency phenotype (i.e. muscle or liver function for instance), the manifestation of changes in emotionality can vary over time. This is one of the reasons why depression is diagnosed in humans by a set of variable symptoms (4-5 out of a list of 10) over time (2 weeks or more). It is not based on a single consistent behavior, but rather by a set of converging behavioral observations that together define a depressive syndrome. Here we are trying to provide a method to operationalize this approach to rodent studies to increase the translational value of the models.
Here, we z-normalized results from rodent behavioral tests, experiments and cohorts, with the goal of assessing the emotionality dimension of mice. z-normalization is a methodology that standardize observations obtained at different times and from different cohorts, thus allowing their comparison and/or compilation. Its value is obtained by subtracting the average of observations in a population from an individual raw value and then dividing this difference by the population standard deviation. This type of normalization, compared to percentiles, allows data on different scales to be compared. Indeed, based on a translational application of the illness definition (i.e. a syndrome as a collection of variable symptoms), we actually may not expect systematically the same or "consistent" behavioral outputs, but we do expect converging results from emotionality measures over time. This may also be the reason why principal component analyses (PCAs) have not been successful at summarizing emotionality behavioral data, as one of the assumptions under PCA is that "consistent" values should be systematically obtained (Carola et al., 2002; Milner and Crabbe, 2008) . Instead, the proposed z-score approach relies on testing whether a particular experimental group deviates from mean behaviors in converging directions across tests and time.
Furthermore, taking example from clinical study meta-analyses, where z-normalization is used to compile related measures performed in different studies but that assess the same illness dimension, we evaluated the possibility of comparing integrated measures of emotionality across different rodent experiments. We first validated the approach using two common methods to induce anxious-/depressive-like states in mice -UCMS and chronic corticosterone exposure - (David et al., 2009; Mineur et al., 2006) and then report its use in providing additional analytical opportunities, such as differentiating more subtle sex differences under baseline and induced high emotionality across studies.
Methods

Animals
Male and female C57BL/6NTac mice (Taconic, Hudson, NY) were used. Mice were maintained under standard conditions (12/12 h light/dark cycle, 22 ± 1 • C, food and water ad libitum, 4-5 animals/cage), and the protocol was approved by the University of Pittsburgh Institutional Animal Care and Use Committee (protocol #0801794, Animal Assurance # A3187-01). Two different cohorts were used for each model (UCMS and corticosterone exposure) for a total of 4 cohorts. Baseline sex differences were established in 3 cohorts (Figs. 1, 2, 4 and 5).
Estrous cycle
Estrous state was monitored in female mice by vaginal smears in selected tests (Goldman et al., 2007) . Briefly, 10 l of saline was flushed into the vagina and then placed on a glass slide and coverslipped. Observation of stages of the estrous cycles was performed under light microscope with a 10× objective without staining. Vaginal smears were performed on the day of behavioral testing and on the day after to more accurately assess estrous stage.
Unpredictable chronic mild stress (UCMS)
UCMS mimics the role of socio-environmental stressors in precipitating a depressive-like syndrome that shares characteristics with human depression, such as increased fearfulness/anxiety-like behavior, decreased consumption of palatable food and physiological changes (Mineur et al., 2006; Pothion et al., 2004; Santarelli et al., 2003) . Importantly, the UCMS-induced syndrome is blocked and reversed by chronic antidepressant treatment . UCMS consisted of a 4-week regimen (or 6 weeks when fluoxetine was administered, see below) of pseudo-random unpredictable mild stressors: forced bath (∼2 cm water in cage for 15 min), wet bedding, predator odor (1 h exposure to fox urine), light cycle changes, social stress (rotate mice into previously occupied cage), tilted cage (45 • ), mild restraint (50 mL Falcon tube with air hold for 15 min) and bedding changes Surget et al., 2009 ).
Fluoxetine treatment
Fluoxetine (Sigma, St. Louis, MO) was dissolved and administered in the drinking water (18 mg/kg/d) for 4 weeks, 15 days after the onset of UCMS, in order to reverse and block the development of the depressive-like phenotype (Santarelli et al., 2003; Surget et al., 2009 ).
Corticosterone treatment
Corticosterone (Sigma, St. Louis, MO) was dissolved in vehicle (0.45% ␤-cyclodextrin) and delivered (35 g/ml) in drinking water for 4 weeks, based on David et al. (2009) . Liquid consumption was monitored and bottles were changed every 3 days. This test models the elevated corticosteroid levels seen in some subjects with major depression (Antonijevic, 2006; Brouwer et al., 2005) . Chronic antidepressant treatment reverses the corticosterone-induced elevated emotionality (David et al., 2009; Gourley and Taylor, 2009 ).
Behavior
Behavioral testing was performed using elevated plus-maze, open field and novelty suppressed feeding, three commonly used tests in the literature to measure components of emotionality. Tests were performed 3-5 days apart to minimize the impact of a previous test on the response for the same animals. Tests were performed in the order described below:
Elevated Plus Maze (EPM) test
Behavior in the EPM was measured using a cross maze with two open and two closed arms (30 cm × 5 cm arms). Time spent in the open arms and ratio of entries into the open arms (entries into open arms divided by total entries into any arm × 100) during a 10 min test measured anxiety-related behaviors (Sibille et al., 2000) . The total number of arm entries was used as an index of locomotor activity.
Open Field (OF) paradigm
The time and distance ratio spent in the center of a 43 cm × 43 cm open chamber were recorded for 10 min to evaluate anxiety-related behaviors (center was defined as a 32 cm × 32 cm central arena). Here, we report time in the center of the open field and ratio of distance traveled in the center (distance traveled in the center divided by the total distance traveled × 100). The total distance traveled was used as an index of locomotor activity (David et al., 2009 ). Integrated emotionality z-scores in mice exposed to unpredictable chronic mild stress. (A) Raw data obtained from three independent behavioral tests performed in the same animal in both males and females mice (OF, EPM and NSF; n = 14-15/group/sex). (B) Normalization of data using z-score method was performed for each parameter as described in Section 2 using the control male group as the baseline. (C) Test z-values were then calculated by averaging individual z-scores, and (D) averaged to obtain emotionality z-score. (E) Controls and stress groups were split by sex to investigate sex differences to stress exposure. Data represent mean ± S.E.M. (n = 14-15/group). A-E: *p < 0.05, **p < 0.01, ***p < 0.001 for effects of UCMS exposure compared to the no-stress group. # describe statistical trends (p < 0.1). Fig. 2 . Chronic antidepressant treatment blocks stress-induced increase in emotionality z-scores (n = 14-15/group). (A) Raw data obtained from three independent behavioral tests (OF, EPM and NSF; n = 14-15/group) performed in the same animals. (B) Normalization of data using z-score method was performed for each parameter. (C) Test zvalues were then calculated by averaging individual z-scores, and (D) averaged to obtain the emotionality score. Data represent mean ± SEM (n = 14-15/group). **p < 0.01 and ***p < 0.001 for effects of UCMS exposure compared to the no-stress group. $ p < 0.05 and $$ p < 0.01 for effects of 4-week fluoxetine treatment compared to the stressed group.
The Novelty Suppressed Feeding (NSF) test
As an index of emotionality, the latency to start eating a food pellet was monitored in food-deprived animals in a brightly illuminated chamber. Briefly, animals were food-deprived for 16 h prior to the test. Testing was performed in a 50 cm × 50 cm box covered with bedding and illuminated by a 70-W lamp. Mice were tested individually by placing them in the box for a period of 10 min. The latency to eat was timed. Immediately afterwards, the animal was transferred to its home cage and the amount of food consumed in the subsequent 5 min was measured, serving as a control for change in appetite as a possible confounding factor. Fig. 3 . Integrated emotionality z-score in corticosterone-treated male and female mice. (A) Raw data obtained from three independent behavioral tests (OF, EPM and NSF; n = 14-22/group) performed in the same animals. (B) Normalization of data using the z-scoring method was performed for each parameter as described in Section 2. (C) Test z-values were obtained by averaging individual z-scores, and then combined to obtain emotionality z-scores. Data represent mean ± S.E.M. (n = 14-22/group). *p < 0.05, **p < 0.01, and ***p < 0.001 for effects of corticosterone exposure compared to the sex-matched non-stress group.
§ p < 0.05 and § § § p < 0.001 indicate sex differences within groups.
2.7. Emotionality and locomotion z-score calculation z-scores are dimensionless mathematical tools that allow for mean-normalization of results within studies and for subsequent comparison of related data across studies. z-scores are standardized scores (by the group mean and group standard deviation) and no normal assumption is made. They indicate how many standard deviations ( ) an observation (X) is above or below the mean of a control group ( ).
X represents the individual data for the observed parameter. and represent the mean and the standard deviation for the control group, respectively. Here as we investigated stress and sex effects, the male control group was defined as the control group (except for Fig. 2 where effects of antidepressant in females were monitored and thus, the control group was the unstressed female group). z-score values were calculated for test parameters measuring emotionality and locomotor activity. The directionality of scores was adjusted so that increased score values reflected increased dimensionality (emotionality or locomotion). Standard measures of anxiety-/depressive-like behaviors (Crupi et al., 2010; Post et al., 2011) were used here, but the approach can be customized to other tests, based on each lab's expertise. For instance, decreased normalized OF center activity and increased NSF latency were converted into positive standard deviation changes compared to group means indicating increased . Emotionality and locomotion scores in two animal models of anxiety/depression. Use of z-score normalization allowed pooling of various experiments and multiple cohorts (n = 22-51 mice/group), highlighting sex differences after chronic stress or corticosterone exposure. (A) Sex differences in emotionality responses to either stress or corticosterone exposure. Specifically, females were significantly more sensitive to stress and less sensitive to corticosterone exposure compared to males. (B) Applying similar normalization to locomotor parameters extracted from different behavioral tests (total crosses in OF and in EPM) revealed baseline sex differences, and in response to stress and corticosterone exposure. Data represent mean ± S.E.M. (n = 22-51/group). *p < 0.05, **p < 0.01, and ***p < 0.001 for effects of corticosterone or stress exposure compared to the sex-matched control group. § § p < 0.01 and § § § p < 0.001 indicate sex differences within groups.
emotionality. To avoid any weighted effect of locomotion on anxious behavior in the OF and EPM, distance ratios (center/total distance in the OF; or open arm entry ratio in the EPM) are typically used (Crupi et al., 2010; Post et al., 2011) , thus integrated parameters were normalized for the locomotor component. In the NSF, the time necessary to initially approach the food pellet is orders of magnitude smaller than the time to overcome the conflict of the aversive environment, thus locomotor activity is typically not controlled for; rather appetite and food consumption are measured across groups. The selection of these specific dimensions was made based on the fact that these parameters are the most frequently used in the neuropsychopharmacology field so that readers could easily identify these components in their own studies. Furthermore, we selected for EPM and OF parameters that are associated in some principal component analysis (PCA) studies with "anxious behavior" or "anxious locomotor activity" such as time in the open arms or time in the center (Carola et al., 2002) ; however other studies could not fully dissociate "unambiguously parameters fully reflecting 'activity' or 'anxiety"' (Milner and Crabbe, 2008) . Finally, PCA found that both these components had similar loads on anxious behavior (Milner and Crabbe, 2008) .
As an example, z-score in the open-field (z OF ) was calculated for each animal using normalization of "time in the center" (TC) and "distance in periphery/total distance ratio" (DR) values.
Similarly, in the elevated plus maze for each animal, z EPM calculation was performed using normalization of "time in the open arms" (TOA) and "open/closed arms entries ratio" (ER) values.
Finally, in the novelty suppressed feeding, z nsf was calculated for each animal using normalization of the latency time to eat the pellet.
Individual emotionality scores were then calculated by averaging z-score values across tests, thus leveraging potential biases induced by a single test. An emotionality z-score was calculated for each animal based on 3 different tests:
Finally group emotionality score means (and standard deviations) were obtained by averaging individual values within each group for each experiment (Figs. 1-3 ) and by integrating similar groups across experiments (Figs. 4 and 5).
Statistical analysis
Based on the experiment, the number of groups and treatments applied, Student's t-tests, one-way or two-way ANOVA (sex, treatment, estrous state as co-factor), followed by post hoc PLSD (when main effects were observed significant) and 2 analysis, were performed.
Results
z-score normalization confirmed elevated emotionality and identified robust sex differences in the UCMS model of depression
We employed emotionality z-scores to investigate the potential of combining results across different behavioral tests for anxietyand depressive-like behaviors using the UCMS model, a validated paradigm to elicit anxious-/depressive-like behaviors. For this first analysis (Fig. 1) , results from independent tests were as follows: in the OF, stress exposure did not affect time and relative distance traveled in the center of the OF (Fig. 1A) ; in the EPM, UCMS-exposed animals spent significantly less time (p < 0.05) and entered proportionately less often (p < 0.05) into the open arms compared to controls (Fig. 1A) ; in the NSF, there was a trend for UCMS-exposed animals to have increased latencies to eat the pellet (p = 0.09; Fig. 1A ). z-score normalization was then performed, first, within the respective behavioral parameters, hence transforming absolute values to numbers of standard deviations from the control means (see Section 2). As described in Section 2, the control group used was the male non-stressed group. Male and female results are pooled Fig. 5 . Dissecting sex differences in baseline emotionality. Combining emotionality z-scores in control animals across several experiments shows that the distribution of baseline emotionality scores is significantly skewed towards higher values in females, as more females show higher emotionality states compared to males. Emotionality scores were separated in "low" (scores below −0.5), "normal", (scores between −0.5 and +0.5) and "high" (scores greater than +0.5) (n = 34-42 mice/sex extracted from 3 different cohorts). Relative proportions of animals in each group are indicated within bars.
2 analysis on group distributions revealed sex differences ( § § § p < 0.001).
in Fig. 1A-D , which underlie the slightly positive value for the "no stress" group that combine mean of z-normalized values of both sex (see further characterization in Section 3.4). This first step yielded, as expected, the same statistical p-values as before normalization (Fig. 1B) . We then averaged these normalized behavioral parameter z-scores to obtain a single value per mouse and per behavioral test (Fig. 1C) . Analyses of test-specific z-scores indicated a significant effect of stress exposure on EPM (p < 0.05), with UCMS-exposed animals displaying higher z-scores than controls. There was no effect of stress on OF z-score (p > 0.4), but a trend for an effect of stress on NSF z-score (p = 0.09). Finally, these values were averaged to obtain a single "emotionality score" for each mouse, describing the integrated output of that experiment (Fig. 1D) . Note that all three tests are weighted similarly, as within-test parameters were averaged at the prior step (Fig. 1C) . Here, the analysis of the combined normalized measures of emotionality resulted in augmented statistical significance of the stress main effect (p < 0.015 versus 0.03 < p < 0.09, depending on the test). We further compared males and females and show that the UCMS effect on emotionality was driven by a significant effect of stress exposure on emotionality score in females (p < 0.05), but not males (p > 0.1; Fig. 1E ). In summary, we showed that, in this particular experiment, z-scoring across complementary behavioral dimensions provided a more robust overall assessment of the effect of stress on emotionality (i.e. less sensitive to outlier values).
Antidepressant reversal of elevated emotionality z-scores
As the observed effect of stress was greater in females ( Fig. 1E) , we studied the reversal effects of chronic fluoxetine administration on female mice with altered behavior induced by stress (Fig. 2) . In this second cohort of UCMS-exposed animals, female mice were exposed to similar stressors and behavioral testing, and an independent group was exposed to chronic fluoxetine at the onset of the UCMS syndrome . Emotionality z-scores were calculated as described above. Results from individual tests were as follows: in the OF, no significant effects of UCMS or fluoxetine were observed on parameters measured (Fig. 2A) ; in the EPM, UCMS-exposed females spent significantly less time (p < 0.001) and entered proportionately less often (p < 0.01) into the open arms compared to controls, while chronic fluoxetine treatment blocked the development of those effects for both parameters (p < 0.05); in the NSF, fluoxetine-treated animals displayed lower latency to start eating the food pellet compared to saline treated UCMS-exposed mice (p < 0.05). These variable results are somewhat typical to behavioral studies, so to assess whether results reflected behavioral noise or fluctuations over a more stable underlying trend, we performed z-score normalization, first, within behavioral parameters (yielding the same statistical p-values as before normalization; Fig. 2B) , and, then, averaged results to obtain a single value per mouse and per behavioral test (Fig. 2C) . Fluoxetine-treated and UCMS-exposed mice did not differ from controls on measures of emotionality in the OF and in the NSF. No significant effect was observed in the OF (Fig. 2C) . The final z-score integration revealed a significant effect of UCMS, suggesting a stable underlying effect, although modest in this case. Control unstressed mice were compared to fluoxetine-treated stressed mice and no difference were observed for all experiments ( Fig. 2A-D) . As expected, chronic SSRI treatment reversed the elevated stress-induced z-score measures of emotionality (p < 0.01, Fig. 2D ) (or blocked the development; see Section 2), bringing values back to baseline control levels. Together, this provides an additional example of using z-score normalization to extract a robust underlying trend out of more variable individual measures, and critically providing a pharmacological validation and a face validity of its application.
Elevated emotionality z-scores and increased statistical significance in the corticosterone-induced syndrome
To test the reliability of the z-normalization method across models, we then derived emotionality z-scores using behavioral results obtained in the chronic corticosterone model as an additional test case, since chronic exposure reliably increases emotionality in mice (David et al., 2009; Gourley and Taylor, 2009 ). In light of sex differences in the UCMS model, we present data analyzed by sex (Fig. 3) . In the OF, corticosterone-exposed animals spent less time in the center than controls (main effect of corticosterone exposure, p < 0.05; Fig. 3A ). This result was driven by the fact that corticosterone-exposed males spent significantly less time in the open than control males (p < 0.01). There was also a significant effect of sex on time spent in the center (p < 0.05; Fig. 3A ), driven by a sex difference in corticosterone exposure, with treated males spending less time in the open than treated females (p < 0.05). For distance ratio in the OF, there was a main effect of treatment, with corticosterone-exposed animals having smaller distance ratios than controls (p < 0.01; Fig. 3A) . As for the time in the center of the OF, this result was driven by corticosterone-exposed males having smaller distance ratios than control males (p < 0.01). There was also a significant sex difference in distance ratio, driven by a sex difference in corticosterone exposure, with treated males having smaller ratios than treated females (p < 0.01; Fig. 3A ). In the EPM, corticosterone-exposed animals spent significantly less time in the open arms than controls (main effect of corticosterone exposure, p < 0.05; Fig. 3A ). Corticosterone-treated animals also had a smaller open arm entry ratio than controls (overall, p < 0.01; males, p < 0.05; females, p < 0.05). In the NSF, there was a significant sex difference in latency (p < 0.01; Fig. 3A) , driven by the fact that corticosterone exposed males had longer latencies than treated females (p < 0.001). There was also a trend for an effect of treatment on latency (p = 0.09), with corticosterone exposed males having longer latencies than control males (p < 0.05).
Using these results, z-score transformation was performed, first, within behavioral parameters, yielding, as expected, exactly the same statistical p-values as before normalization (Fig. 3B ). z-scores were then averaged to obtain a single value per behavioral test, and group differences were assessed (Fig. 3C ). There was a significant main effect of treatment on OF z-score (p < 0.01), driven by the fact that corticosterone-treated males had higher z-scores than control males (p < 0.01). There was also a significant main effect of sex on OF z-score (p < 0.05), driven by corticosteronetreated males having higher OF z-scores than treated females (p < 0.001). There was a significant main effect of treatment on EPM z-score, with corticosterone-treated animals displaying higher zscores than controls (p < 0.01; males, p = 0.09; females, p < 0.05). There was a trend for a main effect of treatment on NSF z-score (p = 0.09), driven by corticosterone-exposed males having higher NSF z-scores than untreated males (p < 0.05). There was also a significant main effect of sex on NSF z-score (p < 0.01), driven by a sex difference in corticosterone exposure, with treated males having higher NSF z-scores than treated females (p < 0.001). Finally, these values were averaged to obtain a single "emotionality score" per mouse, then per experimental group (Fig. 3D) . Note that all three tests are weighted similarly, as within-test parameters were averaged at the prior step (Fig. 3C) . Here, z-scoring confirmed that the smaller and variable effect sizes in female mice reflected an overall less robust, although still significant, impact (p < 0.05) of corticosterone exposure in female mice.
Combining normalized measures in group emotionality z-scores augmented the overall statistical significance of the corticosterone main effect (Table 1, p < 0.0001 versus 0.008 < p < 0.09, depending on the test), thus emphasizing the low but measurable convergence of behavior between tests, and confirming that individual mice dis- Table 1 p-Values for 2-way ANOVA main effects corresponding to data shown in Fig. 3 . played similar directionality of effects across tests, suggesting that integrated z-scores provide a robust assessment (i.e. less sensitive to outlier values) of the effect of corticosterone on emotionality.
Looking at the effect of sex, the emotionality z-score significance was lower in three out of five cases for the different parameters measured in the NSF, OF and EPM. The underlying cause of these more robust statistical parameters appears to rely on the fact that z-score normalization lowers the overall variance of the behavioral measurements (Table 1) . This is consistent with the notion that the underlying changes in emotionality were similar in the three tests, but that test-specific variability in measures partly obscured its accurate measurement within individual tests. Hence, under these experimental conditions, emotionality z-scoring provided the best combination of low p-values, due to lower coefficient of variation of integrated values. Because the number of behavioral tests included in the analysis can also affect the overall statistical power and z-score values, we compared z-score values (Supplemental Fig.  1 or Supplemental Table 1 ) and statistical results (Supplemental Table 2 ) obtained by averaging data from either 2 or 3 behavioral tests. As expected the lowest variability in measures was observed when averaging z-scores from 3 tests, as demonstrated by a combination of a lower coefficient of variation and a higher statistical significance.
3.4. Combining emotionality z-scores across experiments and models provided additional analytical opportunities across independent studies: quantitative differences and sexual dimorphism in the UCMS and corticosterone models of altered mood states
Results from the UCMS and corticosterone exposure studies suggested differences in opposite directions between males and females across the two models (Figs. 1 and 3) . To further investigate this potential sexual dimorphism, we took advantage of the fact that, similar to clinical meta-analysis approaches, normalized z-scores can allow for comparison and pooling of results across experiments, hence increasing sample size and analytical power. Indeed, in meta-analysis, the same measure [e.g. a scaled measure of depressive state for example] is used in different studies, while here the same measure, emotionality z-score [e.g. an equivalent of a scaled diagnosis of animal behavioral state] was derived in different experiments and subjects and compared across studies. Here, combined experimental group sizes ranged from 22 to 51 animals per sex for each model. Integrated emotionality zscores from two experiments using the UCMS paradigm confirmed that stress increases emotionality in both sexes (male: p < 0.01; female: p < 0.001) and revealed a higher female response to UCMS (Fig. 4A , female > male, p < 0.01) (Dalla et al., 2005; Joeyen-Waldorf et al., 2009 ). On the other hand, integrating results from two independent corticosterone experiments confirmed the robust effect in males (p < 0.001), strengthened the conclusion of less robust female results (p < 0.05), and revealed a significant sex difference in increased emotionality (Fig. 4A , male > female, p < 0.001) while no group × sex interaction was observed (p = 0.17, Fig. 4A ). No baseline sex difference was observed (p = 0.31), although more female mice displayed baseline emotionality scores greater than 0.5 (p < 0.001; see next section).
In Fig. 4B we present an alternate use of z-scoring, where locomotion z-scores were derived from related locomotor parameters across two tests (total ambulatory distance in the OF and total entries in EPM). Integrated locomotion z-scores from these same experiments using the UCMS and corticosterone exposure paradigms showed that (i) females had overall higher baseline locomotion activity compared to males (p < 0.001), (ii) corticosterone induced a decrease in locomotor activity in males (p < 0.001), but not in females (p = 0.50), and that (iii) chronic stress induced no effect on locomotion parameters in either sex (males: p = 0.06; females: p = 0.33). Estrous state did not correlate with altered behavior in individual tests.
Together, these results provide examples of the application of z-scoring across experiments initially performed separately. Here, for instance, integrated z-scores across behavioral tests and experiments revealed significant sex differences that were at best at trend level in individual experiments.
3.5. Emotionality z-scores combined across cohorts revealed qualitative baseline sex differences Elevated baseline emotionality was observed in female mice in some behavioral tests, but did not reach significance for individual experiments. Notably, highlighting consistent sex differences in mouse behavior can be difficult, as it requires a large group of animals, control for estrous state in females, and the direction of change can vary across different tests (Palanza, 2001; Voikar et al., 2001) . Here, we speculated that integrating results across these tests may reveal baseline differences, either in mean group differences or in the distribution of z-scores within groups. We thus integrated emotionality z-scores over three experiments and focused on control animals (n = 42 males, 34 females; Fig. 5 ). Results revealed higher baseline emotionality in females (male, z = 0.00; female, z = 0.574; p < 0.001). We next assessed the distributions of emotionality scores ("low", scores below −0.5; "normal", scores between −0.5 and +0.5; "high", scores greater than +0.5). This alternate use of z-scores revealed a highly significant shift to higher emotionality in females ( 2 = 16.8, df = 2, p < 0.001), indicative of high baseline emotionality in 71% of female mice, but only in 24% of males. Notably, this difference did not correspond with estrous state in individual female mice, and in fact, represent integrated measures over a period of several days, hence encompassing most estrous states within individual mice.
Discussion
Principles of z-scoring methods adapted for behavioral measurements
To address inherent difficulties in behavioral phenotyping of mice over time and to obtain summarized results over tests and studies, we propose a method based on z-normalization principles for the quantification of behaviors in an integrative manner along coherent dimensions, such as shown here for emotionality. Indeed, it is often difficult to reconcile positive or intermediate findings across tests, especially for behavioral measures that are subject to known variability. We show that applying a z-normalization method across complementary behavioral measures related to aspects of emotionality can facilitate the "diagnosis" of an animal state. Emotionality in animal models is classically reflected by altered behavior monitored in different paradigms that can be restored after antidepressants (as performed here), by variations in physiological parameters (HPA axis, locomotor activity), and potentially through identification of brain region-specific genomic biomarkers of altered behavior (Krishnan et al., 2007; Sibille et al., 2009) . Interestingly, since human mood is defined as an emotional state over time that is remote from proximal stimuli, we speculate that rodent emotionality z-scores may in fact represent the closest homolog of human mood. Indeed, they integrate behavioral states observed in various and multiple paradigms over several days of testing, including across various neuroendocrine states (i.e. sex hormones), hence capturing a more stable and enduring state of emotionality in mice. Similarly, the combined analysis of converging behavior can be assimilated to the clinical characterization of the human illness, which is diagnosed by a set of variable symptoms over time. So it is not based on a single consistent behavior, but rather by a set of converging behavioral observations that together define a depressive syndrome. A recent study aimed at the same goal by combining different behavioral tests into a single apparatus ("triple test"; composed of OF, EPM and Light/Dark test physically linked together) to phenotype animal's behavior using a similar comprehensive strategy based on multiple testing (Fraser et al., 2010) . The future value of such a test will need to be assessed in multiple studies. Notably, it is still based on a one-time assessment of animal's behavior, in contrast to our proposed analytical method for behavioral assessment over time.
Furthermore, emotionality z-scores -by allowing pooling of cohorts -can strengthen the reliability of effects and increase analytical opportunities. Specifically, we showed that emotionality z-scores reduced test-to-test variability for measures of dependent variables that are sensitive to multiple known (and unknown) environmental factors (time of day, animal facility-related events, experimenter, estrous phase, etc.).
The rationale for using z-normalization, instead of, for instance, calculating percentage of control response for each parameter and averaging them across groups and cohorts, is that the standard deviations of z-normalization values are similar across parameters and tests, Thus, averaging z-values avoids weighted effects of one parameter or one test over another. z-score methodology also differs from multivariate statistics, such as principal component analysis, which are performed to investigate whether behavioral measures assess a single and intangible entity. However, as discussed in Section 1, "emotionality" is by definition an underlying state that is vulnerable to timely fluctuations due to variable environmental and biological stimuli, and that may manifest as different behaviors, or "symptoms" over time. So we actually do not seek, and may not even expect, high correlation across tests, but rather we expect convergence of results obtained with integrated z-scores. Instead, we expect that a true underlying emotionality state will be revealed through similarities in effect size and directions over cohorts and tests over time. Similarly, other types of multivariate analysis, like MANOVA, assume linear relationships among dependent variables and covariates; therefore, when the relationship deviates from linearity -which might happen due to fluctuation in animal's behavior -the power of the analysis will be compromised. Similarly, multivariate analyses rely on similar assumptions of correlation rather than convergence, and therefore may not work as well. Finally, z-normalization within and across different behavioral tests results in a single score per mouse which may be seen as a quantitative "diagnosis" of their emotionality, a translational -and of course limited -equivalent to the way human depression is quantified by structured interviews, such as the Global Assessment of Functioning scale or the Hamilton Depression Rating Scale.
Defining new tools for behavioral analysis in neuropsychopharmacology necessitates assessing their validity. As emotionality is an integrative behavioral entity that is composed of different parameters, such as anxiety, depression, and fear of novel environment, that are measured over time, our methodology has a strong face validity as it combines these multiple aspects. Predictive validity of the z-score method has been tested here by looking at antidepressant reversal of stress induced-emotionality.
4.2. Proof of concept: application of z-scoring methods to two different models of altered mood disorders and to behavioral sex differences
Here we applied behavioral z-scoring methods to the quantification of emotionality in two rodent models that are frequently used to induce higher anxiety-and depressive-like behavior in mice. UCMS is based on chronic psychosocial stress, while chronic corticosterone exposure relies on neuroendocrine dysfunction. In our studies, main effects of either UCMS or corticosterone exposure were observed in most, but not all, of the single tests performed within individual cohorts (Figs. 1A and 3A) . z-score normalization appeared to increase the robustness of the analyses by decreasing the variability of integrated measures ( Figs. 1D and 3D ; Table 1 ). Combining emotionality z-scores across experiments revealed significant sex differences in response to stress or corticosterone exposures (Fig. 4) , hence demonstrating the value of the approach at detecting effects that were either not significant or at trend levels in experiments performed separately. Notably, the goal of these integrated analyses is not to "increase statistical significance", but rather to extract underlying trends out of apparently variable results. For instance, we showed that, compared to males, females were more sensitive to chronic stress, but less sensitive to chronic corticosterone administration. Greater female behavioral and physiological stress sensitivity has previously been reported (Dalla et al., 2005; Joeyen-Waldorf et al., 2009) , associated with higher corticosterone levels after various stressors (Handa et al., 1994) . Although corticosterone administration can induce high emotionality in males (David et al., 2009; Gourley et al., 2008; Murray et al., 2008; Zhao et al., 2008) and females (Ardayfio and Kim, 2006) , sex differences had not yet been directly studied. Using emotionality z-scores, we were able to combine individual experiments and showed that females were overall less sensitive than males to corticosterone exposure, thus consolidating a large literature on sex-related differences in response to glucocorticoids and in HPA-axis dysregulation in rodents (Galea et al., 1997; Liu et al., 2006) and humans (Binder et al., 2009; Bremmer et al., 2007; Young and Ribeiro, 2006; Young et al., 2007) . Of course, since both the rodent and human literature are mostly male-biased, an alternative interpretation is that males are more sensitive to corticosterone exposure and less to the effects of chronic stress. In summary, these results support our hypothesis that z-scoring normalization of related behavior can reveal consistent and stable changes in underlying emotionality in mice, despite apparent and often unexplained variability. Using this approach augmented the translational validity of the models by suggesting similar directions for sex differences that are observed in human subjects.
Application of behavioral z-scores
By definition, z-scores normalize results across tests, experiments and cohorts, as they take into consideration differences from mean group values in terms of numbers of standard deviations from the control mean (see Section 2). The approach is not new by itself, as it is commonly applied in clinical and epidemiological studies. An important feature of its application to behavioral data is to ensure conformity with the direction of effects. For instance, increased emotionality in mice is revealed by decreased values of dependent variables in some tests (OF and EPM) and by increased values in other tests (NSF), and thus all measures indicative of increased emotionality should be reflected by positive numbers of standard deviations from the control group mean. While our z-score calculation here was based on data extracted from three behavioral tests commonly used in neuropsychopharmacology, it could be extended to other behavioral tasks that measure other parameters related to emotionality, such as number of fecal boluses in a new environment, elevated O maze, marble burying, light/dark transition, etc. Here we use the term of emotionality to cover both anxiety-like and depressive-like behaviors, as they are difficult to fully dissociate in rodents, but the approach can be expanded to include more specific tests. However, while multiple testing in the same animal is necessary to robustly assess emotionality, experimenters should verify that response to one behavioral test was not altered by prior testing. Notably, the integrated approach does not detract from the analysis of distinct components of individual tests, which may reveal nuances in behavioral responses and changes. The potential application of behavioral z-scoring is quite extensive, from dissociating emotionality-related behavior in stressed/control animals, knockout or transgenics/wild-type (using combined group scores), to identify consistent outliers or segregate resilient from responder animals to environmental exposure or pharmacological treatment (e.g. through score histograms), or to measure antidepressant-predictive behaviors or antidepressant reversal of induced behavioral syndromes.
Behavioral z-scores can also be applied to other behavioral dimensions (memory tests, addiction tests, etc.). Here we briefly showed a similar approach applied to locomotion. Indeed, while emotionality z-scores already include locomotor-controlled parameters extracted from each test, normalization of locomotionspecific parameters can further evaluate overall locomotor activity under baseline conditions, between males and females and after experimental manipulations for instance (i.e. UCMS or corticosterone exposure).
Some of the critical aspects and potential limitations that need to be further characterized include, among others: (i) reliable behavioral protocols across experiments (Wahlsten et al., 2006) , (ii) combining results across strains (Milner and Crabbe, 2008; Yalcin et al., 2008) , especially in the context of sex differences (Voikar et al., 2001) , and (iii) careful consideration of behavioral dimensions to be integrated.
Conclusion
In summary, we suggest that using an easy-to-apply and "generalizable" z-score methodology can increase the reliability and comprehensiveness of behavioral testing from a variety of non-exclusive tasks, but along cohesive behavioral dimensions, for complex behaviors such as emotionality of animals. Here, the application of this method to quantify emotionality in mice demonstrated that mice display subtle baseline emotionality sex differences that are similar to those observed in humans (Brebner, 2003) , support the use of chronic mild stress as a comprehensive model to induce an anxiety-like/depressive-like syndrome, and points to corticosterone exposure as a model for male neuroendocrine vulnerability to mood disorders.
